The combination of photoelectron spectroscopy and ultrafast light sources is on track to set new standards for detailed interrogation of dynamics and reactivity of molecules [1] [2] [3] [4] [5] [6] [7] . A crucial prerequisite for further progress is the ability to not only detect the electron kinetic energy, as done in traditional photoelectron spectroscopy, but also the photoelectron angular distributions (PADs) in the molecular frame [1, 4, 5, [7] [8] [9] [10] . Until recently the only method relied on determining the orientation of the molecular frame after ionization [1, [11] [12] [13] .
. Before reaching the interaction point with the laser pulses and the static field the molecules are selected in the lowest-lying rotational quantum states by an electrostatic deflector [19] . Hereby alignment and orientation is optimized, which is crucial for observation of the molecular frame PAD effects discussed next. The degree of alignment and orientation is initially measured by Coulomb exploding the molecules using an intense femtosecond (fs) probe laser pulse (Supplementary Information, SI).
For the PAD experiments a circularly polarized, 30 fs probe pulse, centered at 800 nm, is used. First, the linear OCS molecule is studied. At a peak intensity 2.4 × 10 14 W/cm 2 ,
OCS only undergoes single ionization with essentially no fragmentation. The intensity puts the dynamics in the tunneling regime [20] (SI) and the circular polarization ensures that no recollision of the freed electron with its parent ion occurs. Both conditions are important for the interpretation and modeling of the observed PADs. The linear polarization of the alignment laser is parallel to the static field axis (Fig. 1a) . Hereby, the OCS molecules are strongly confined along this axis with a degree of orientation corresponding to about 80% of the molecules having their O-end facing the detector and 20% facing oppositely.
The electron images are shown in Fig. 1 . Applying only the probe pulse ( Fig. 1b and c) the electrons emerge in a stripe parallel to the polarization plane (y,z) of the probe pulse for both left and right circularly polarized (LCP and RCP) pulses. When the molecules are 1-dimensionally (1D) aligned, and oriented as shown in Fig. 1a , a strong up-down asymmetry is observed ( Fig. 1d and e) . The asymmetry reverses as the helicity of the probe pulses is flipped. For LCP (RCP) probe pulses the number of electrons detected in the upper part compared to the total number in the image is ∼64% (39%). Without the alignment pulse only a very weak asymmetry is seen. It may result from very mild alignment and orientation due to the interaction between the permanent dipole moment and the static field [21] .
To explain the experimental findings we model the ionization process by modified tunneling theory. The model (SI) is based on the static tunneling rate [14, 15] for an s-state with the binding energy of the highest occupied molecular orbital (HOMO) in OCS, taking saturation [22] into account and, importantly, including Stark shifts of both OCS and OCS + energy levels due to the interaction between the probe laser field, E probe , and the permanent and induced dipole moments. The Stark shifts lead to an effective ionization potential,
I
eff p (θ), used in the tunneling model, given by: ) the polarizability components of OCS (OCS + ) parallel and perpendicular to the internuclear axis, I p0 the ionization potential of OCS in the absence of any external fields, and θ the polar angle between the instantaneous direction of the circurlarly polarized probe field and the z-axis (Fig. 1a) . Since the ionization (tunneling) rate depends exponentially on the effective ionization potential [15] equation (1) shows directly that the oriented OCS molecules may have an asymmetric ionization probability depending on whether the probe field has a component parallel or anti-parallel to the permanent dipole moment.
The situation is illustrated in Fig. 2a . It shows that I eff p (θ = π) is smaller than I eff p (θ = 0), i.e., the ionization rate is larger for E probe parallel rather than anti-parallel to the permanent dipole moment. More generally equation (1) describes that I p is smallest, and therefore ionization most probable, for π/2 ≤ θ ≤ 3π/2, corresponding to the half part of the optical period where the probe field has a component pointing towards the S-end. This angular dependence of the ionization probability causes a forward-backward asymmetry of the electron emission from the molecule with more electrons ejected when the field points in the direction of the permanent dipole moment. Before the electrons reach the detector they are subject to the force from the remaining part of the strong probe field, which leads to the final mo-
, where t 0 is the instant of ionization. The vector potential, A probe (t), for LCP (RCP) advances the field by a phase of π/2 (-π/2) causing the forward-backward asymmetry in the ionization step to be transferred into an up-down asymmetry in the final momentum distribution (along the y-direction, Fig.   1a ). This is illustrated in Fig. 2b . The calculated momentum distribution, projected onto the plane corresponding to the detector, is shown in Fig. 3a for LCP probe pulses with the same characteristics as the experimental pulses. (The result with RCP pulses is identical except for having the opposite up-down asymmetry). Focal volume effects are included [23] and an orientation of 80/20 based on the experimental findings is assumed. The similarity with the measurements (Fig. 1d) is clear. In particular, the theoretical up/total ratio of 65 %, compares very well with the measured value (64 %). A more quantitative comparison is provided in Fig. 3b , where the experimental and numerical angular distribution for LCP is plotted, obtained by radially integrating the images in Fig. 2 and 3 . The agreement is gratifying.
To illustrate the potential of our method to more complex molecules experiments were conducted on C 7 H 5 N. As in OCS, Coulomb explosion imaging measurements confirmed that high degrees of alignment and orientation are achieved (SI). Figure 4 displays the photoelectron distributions. Even without the alignment pulse an up-down asymmetry ( Fig. 4a and b) is observed. Although weak, it is more pronounced than in the case of OCS (Fig. 1b and c) , which we ascribe to stronger 1D orientation, induced by the static field [21] , because C 7 H 5 N has a permanent dipole moment that is 6.3 times larger than that of OCS and the static field used is 35 % larger. When the 1D alignment pulse, linearly polarized along the static field axis, is included the asymmetry increases ( Fig. 4c and d ) due to stronger alignment and orientation. For LCP the up/total ratio is ∼55%, for RCP it is ∼44%. Unlike OCS, C 7 H 5 N is an asymmetric top molecule and the linearly polarized alignment pulse only confines the C-CN symmetry axis of the molecule, while the benzene ring remains free to rotate about this axis. Additional confinement of the molecular plane, and thus 3D alignment and orientation, is obtained by using an elliptically polarized alignment pulse [21, 24] with the major axis along the static field axis and the minor axis vertical in the images. The total intensity, 7 × 10 11 W/cm 2 , is the same as for the linearly polarized pulse and the intensity ratio between the major and minor axis is 3:1. The resulting electron distributions ( Fig. 4e and f) have essentially the same up-down asymmetry as in panel c and d (since the degree of 1D alignment and orientation is essentially unchanged), but they exhibit striking new structures that are not seen in the PADs from 1D oriented molecules. In particular, electron emission in the polarization plane, coinciding with the nodal plane of the HOMO (and the HOMO-1), is suppressed. Such effects were predicted previously but never observed [25] .
To explain the experimental findings for 3D oriented C 7 H 5 N our theoretical model is extended. By contrast to OCS the HOMO of C 7 H 5 N has a nodal plane (the molecular plane) and therefore, we model the initial state of a molecule, perfectly 3D oriented in the way shown in the lower panel of Fig. 4 , by a simple 2p x orbital with the angular node in the polarization (y,z) plane and the p-lobes parallel to the x-axis. The presence of the nodal plane prevents electron emission in the polarization plane. This is observed in the calculated electron momentum distribution displayed in Fig. 3c for LCP. Initial electron emission in the perpendicular direction is, however, possible and is incorporated by including a factor describing the momentum distribution in the x-direction in the initial orbital (SI). The slight asymmetry of the up/total ratio (52 %) visible in Fig. 3c is still governed by laser-induced Stark shifts, as described for OCS, whereas the observed left-right splitting (along the xaxis) of the momentum distribution projected on the detector plane is due to the presence of the nodal plane. We obtain a new closed analytical expression for the off-the-nodal-plane angle, Ω theo (Fig. 4e) , and at the intensity 1.23 × 10 14 W/cm 2 ,
with E 0 the peak electric field, κ = 2I p0 in good agreement with the experimental value, (Fig. 4e) . The experimental observation of a nonzero electron signal in the polarization plane is partly due to nonperfect 3D alignment of the molecule and possibly also due to a contribution from the HOMO-2 whose nodal plane is perpendicular to the laser polarization plane.
Our results show that molecular frame PADs can be obtained for a broad range of species independent of whether 1D or 3D orientation is needed to fully fix a molecule in space. A particularly interesting extension is time-dependent phenomena where a pump pulse initiates a molecular transformation or reaction. Strong-field ionization by circularly polarized fs pulses, used here, is sensitive to the charge distribution of the valence electrons and could provide an efficient and ultrafast probe of, for instance, charge migration processes in molecules [26] . More generally, molecular frame PADs using laser oriented molecules will also be highly relevant for x-ray probing of molecular dynamics where detection of high energy electrons can provide a direct structural diagnostics of the changing molecular species [27] . 
